The aim of the study was to propose the method of multistage grinding of rye grain. Investigations were carried out on rye cultivar (Secale Cereale) Bosmo, collected in the year 2016. The samples of rye were tempered to adjust moisture contents to: 10, 12, 14, 16, 18, and 20% (w.b.). The grinding process was carried out in three combinations: grains were ground by using the laboratory hammer mill, rye was ground using the laboratory roller mill and the grains were preliminary ground using hammer mill and in the second stage the roller mill was used. The particle size distribution was determined and the grinding energy indices were evaluated. The results showed that hammer mill grinding is more energy consuming than particle size reduction using a roller mill. Most importantly, the multistage grinding of rye (roller mill in the first stage) significantly reduced energy requirements for hammer mill grinding and caused the highest degree of fineness. This method is especially preferred for sustainable agriculture practices.
INTRODUCTION
Rye (Secale cereal L.) is an important crop in Eastern, Central and Northern Europe and a rich source of dietary fibre. It is an excellent raw material for healthy and tasty foods. (Johansson et al. 2017; Zieliński et al. 2008) . Rye products have repeatedly been shown to induce lower postprandial insulin response, with or without a corresponding decrease in glucose response, compared with refined wheat bread (Johanssonet et al. 2017) . Rye contains biologically active substances with antioxidant properties by acting as reducing agents, free radical-scavengers and through formation of complexes with metals (Afzal et al. 2013) . The nutritional benefits of rye consumption include positive effects on digestion and decreased risk of heart disease, hypercholesterolemia, obesity, and non-insulin dependent diabetes, and rye also has a protective effect against cancer (Hansen et al. 2004 ).
The basic goals of sustainable agriculture are environmental health, economic profitability, and social and economic equity. The grinding process is the most important and the most energy consuming in processing of agricultural products. Thus the knowledge about the methods of grinding energy saving is in agreement with the goals of sustainable agriculture. The grinding energy depends both on the properties of the grinding material and on the used machines and their work parameters (Saiedirad et al. 2008) . Particle size of ground grains has influence on properties of the flour (Dziki et al. 2014) . Cereals grinding is mainly performed with the use of hammer mills and roller mills. The most commonly applied in practice are the roller mills. However they have little effect on bran size reduction. The hammer mills are more appropriate for grinding fiber-rich bran and germ and thus for whole grain flour production (Dziki and Laskowski 2010) . Moreover, the knowledge of fracture characteristics of grains is imperative for a rational design of efficient grinding systems, as well as the optimization of the process and product parameters (Prabhasankar and Rao 2004) . The objective of this study was to propose the method of multistage grinding of rye grain. Besides, the effect of grain moisture content on grinding energy requirements was studied.
MATERIAL AND METHODS
Investigations were carried out on rye cultivar (Secale Cereale) Bosmo, collected in the year 2016. The samples of rye were tempered by adding water or by drying at 35 °C to adjust moisture contents to: 10, 12, 14, 16, and 18% (w.b.) and storing for 48 h. The tempered grains were divided in three portions. The grinding process was carried out in three combinations: -grains were ground by using the laboratory hammer mill POLYMIX-MicroHammermill MFC equipped with a 2.0 mm screen size (Dziki 2008) , -rye was ground using the laboratory roller mill SK (Dziki and Laskowski 2004) , -grains were preliminary ground using roller mill and in the second stage the hammer mill was used.
The amount of energy consumed during grinding was obtained by means of a power transducer, a data acquisition and a computer system that recorded the data measured by the transducer. The unloaded grinder current was monitored prior to grinding and remained constant over all testing and the grinding energy was calculated by using special computer software. The energy required to run the mill with no load was determined and subtracted from the total energy to obtain the grinding energy. The specific grinding energy was determined as the ratio of the grinding energy to the mass of the material taken for grinding. The sieving test was used to determine the particle size distribution of the pulverized material. Sieving was carried out for 5 min, by using a laboratory screen (Thyr 2, SASKIA, Germany), and separated into fractions using sieves of sizes: 1.600, 1.200, 0.800, 0.630, 0.400, 0.315 and 0.200 mm. On the basis of the particle size distribution, the average particle size (dp) was calculated as follows (Velu et al. 2006 ). The grinding ability index (Es) was calculated as a ratio of the grinding energy to the surface area of the pulverized material. The surface area of the pulverized material was evaluated according to the procedure described by Jha and Sharma (2010) . The Sokołowski's grinding index was calculated on the basis of the size reduction theory described by Sokołowski (1996) . Details of the procedure used in determining these indices can be found in Dziki and Laskowski (2010) and Dziki (2011) .
The measurements of crushing energy and grinding energy were replicated in triplicate. The obtained data was further subjected to a statistical analysis and the consequent evaluations were analyzed with the variance analysis using the Statistica 6.0 software (StatSoft, Inc., Tulsa, USA). Moreover, standard deviations were evaluated and the relations were described using the regression equations. The statistical differences between the treatment groups were estimated with Tukey test. All the statistical tests were carried out at the significance level of  = 0.05.
RESULTS
The sieve analysis of ground material showed that when roller mill was used for grinding the highest amount of coarse particles (above 1.6 mm) was obtained. When hammer mill was used for grinding alone or as a preliminary step before roller mill grinding the fraction of particles above 1.6 mm was not found in the ground rye. From the other hand, the highest mass fraction of fine particles (below 0.2 mm) was observed when two kinds of mills were used both (Table 1) . When roller mill was used for grinding an increase the grain moisture content caused an increase of the mass fraction of coarse particles and the highest mass fraction of fine particles was obtained when rye moisture was 14%. Interestingly this tendency was also found when roller mill and hammer mill were used together. In the case of hammer mill the highest mass fraction of these particles was found when grain moisture was 14%. The average particle size (d) of ground rye obtained from different methods of mill was presented on Fig. 1 . The results showed linear relation between the average particle size and grain moisture. As the moisture of rye increased the particle size also increased. This tendency was found for each grinding method. Interestingly when the moisture of grain was 10% the similar values of average particle size was obtained after grinding rye by using hammer mill and roller mill. At the higher moisture content the highest values of average particle size were obtained when roller mill was used. When the two mills were combined into one grinding system the lowest values of particle size were obtained. The obtained data showed that there is a significant influence of grain moisture and method of grinding on specific grinding energy. The highest values of specific grinding energy were found when hammer mill was used for particle size reduction, whereas the lowest values of this parameter were obtained when hammer mill was used. An increase of grain moisture content from 10% to 18% caused an increase of specific grinding energy from 21.3 to 35.7 kJkg -1 , from 66.2 to 133.6 kJkg -1 for roller mill and hammer mill and from, respectively. When roller mil was used as the preliminary step before hammer mill grinding the specific grinding energy ranged from 33.6 to 70.9 kJkg -1 (Fig. 1) . The grinding ability index and Solołowski`s grinding index are the important indices describing the grinding process because this indices take into account the particle size distribution of ground material. These indices also confirmed that the multistage grinding of rye significantly reduced energy requirements for hammer mill grinding.
CONCLUSIONS
The results clearly showed that hammer mill grinding is more energy consuming than particle size reduction using a roller mill. The specific grinding and grinding ability index were several times higher when hammer mill was used. Besides, the increase of grain moisture content caused an increase of specific grinding energy. However this effect was stronger and non-linear when hammer mill was used for grinding. Most importantly, the multistage grinding of rye (roller mill in the first stage) significantly reduced energy requirements for hammer mill grinding. Besides, the particle size distribution strongly depended on the RM HM RMHM methods of grinding and grain moisture. The highest mass fraction of fine particles (below 0.2 mm) was observed when two kinds of mills were connected in multistage grinding process. When roller mill was used for grinding alone an increase the grain moisture content caused an increase of the mass fraction of coarse particles and the highest mass fraction of fine particles was obtained when rye moisture was 14%. Interestingly, this tendency was also found when roller mill and hammer mill were used together. In the case of hammer mill the highest mass fraction of fine particles was found when grain moisture was 14%. Moreover, the multistage grinding caused the highest degree of fineness. The proposed integrated method of grinding is especially preferred for sustainable agriculture practices.
